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Abstract
Understanding the mechanisms governing left ventricular function and dysfunction is crit-
ical to analyze cardiovascular disorders and gaining insights into possible therapies. Left
ventricular function can be evaluated using Magnetic Resonance Imaging (MRI). Cardiac
displacements and corresponding strains are then computed from the imaging data. In mea-
suring and assessing the left ventricle’s motion, images are taken either in the short axis
(top-down) or long axis (side) views. In this project, we will use DENSE MRI data, which
measures the displacements of individual tissue voxels during the cardiac cycle.
After extracting the myocardial tissue by segmenting the MR images, strains are com-
puted by differentiating the displacement field in the radial direction (across the thickness
of the heart wall), longitudinal direction (along the left ventricle long axis), and in the cir-
cumferential direction. Current approaches focus mainly on evaluating cardiac motion and
strains during ventricular systole, when the ventricles contract and blood is pumped out of
the heart [25]. Our aim is to characterize strains during atrial systole, which corresponds
to the late filling of the ventricles before the next contraction occurs. Understanding the
deformation of the left ventricle during late filling is particularly important to evaluate the
passive response of the myocardium, which is related to several cardiac diseases, such as heart
failure with preserved ejection fraction and diabetic cardiomyopathy. During this study we
will use preclinical data already acquired in healthy swine subjects. Our goal is to evaluate
inter subject variability at peak atrial systole and how different segmentations (intra and
inter observer variability) affect the computed strains.
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Chapter 1
Introduction and Background
I Introduction
The left ventricle is the chamber of the heart pumping oxygenated blood to the whole
body. Understanding the mechanisms governing left ventricular function and dysfunction is
critical to analyze cardiovascular disorders and gaining insights into possible therapies. Left
ventricular function can be evaluated using several imaging techniques such as Magnetic
Resonance Imaging (MRI) and echocardiography. Cardiac displacements and corresponding
strains are then computed from the imaging data. In measuring and assessing the left
ventricle’s motion, images are taken either in the short axis (top-down) or long axis (side)
views. Common cardiac images are acquired using echocardiograms, in which the reflection
of high-frequency sound waves creates an image. Feature tracking is then employed to
extract displacement information. However, feature tracking presents several shortcomings
in terms of reproducibility and accuracy [32] and therefore only limited strain information
(e.g., longitudinal strain measures) can be accurately computed. In this project, we aim at
evaluating a different image modality based on DENSE MRI. DENSE MRI is capable of
tracking the displacements of individual tissue voxels during the cardiac cycle.
Using DENSE MRI, the motion of the left ventricle wall may be encoded at the tissue
voxel level and tracked over time. After extracting the myocardial tissue by segmenting
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the MR images, strains are computed by differentiating the displacement field in the radial
direction (across the thickness of the heart wall), longitudinal direction (along the ventricle
long axis), and in the circumferential direction.
Current approaches focus mainly on evaluating cardiac motion and strains during ventric-
ular systole, when the ventricles contract and blood is pumped out of the heart. In contrast,
our aim is to characterize strains during atrial systole, which corresponds to the late filling
of the ventricles before the next contraction occurs. Understanding the deformation of the
left ventricle during late filling is particularly important to evaluate the passive response
of the myocardium, which is related to several cardiac diseases such as Heart Failure with
preserved Ejection Fraction (HFpEF) [17].
During this study we will use preclinical data already acquired in healthy swine subjects.
Our goal is to evaluate inter subject variability at peak atrial systole and investigate how
different segmentations (intra- and inter-observer variability) affect the computed strains.
II Background
The left ventricle (LV) is the chamber of the heart that pumps oxygenated blood to the
body through the aorta and provides oxygen for the electron transport chain. LV function
is therefore essential to many important functions of the body and any dysfunction is likely
to have adverse effects on the entire body [4]. In order to characterize LV function, it is
important to quantify its mechanics.
A common biomarker used to quantify ventricular function is the Ejection Fraction (EF),
which measures the percent of blood pumped out of the LV [9]. Although easily available
in the clinic, EF may remain constant as cardiac diseases progress [6] and is unable to
characterize regional variations in cardiac motion [22]. In some cases, such as in the early
phases of diabetic cardiomyopathy, EF may indicate preserved LV systolic function while
global diastolic dysfunction is present [20]. Further studies have also shown that myocardial
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strains may better characterize the stage of cardiac diseases and LV wall abnormalities in
hypertension [26].
In order to better capture LV function, numerous quantitative strain imaging techniques
have been designed. Initially, tissue doppler imaging (TDI) was developed in the 1970s
and 80s [33] as one of the first non-invasive quantitative techniques, which measures the
phase shift of an ultrasound signal from the myocardium and measures the velocity of the
muscle. The velocity of the muscle is subsequently used to compute length change [29]. In
a one-dimensional case, strain is then calculated as:
ε =
∆L
L0
, (1.1)
where L0 is the length in the resting, ideally stress-free state and L is the current muscle
length. However, due to the fact that the stress free state of myocardial tissue is not directly
measurable in-vivo, the stress-free state is typically replaced by the initial muscle length [16].
This reference configuration is often chosen to correspond to the beginning of systole. Despite
the advantage of non-invasive real-time strain quantification, TDI has significant noise and
angle dependency [29].
More recently [13], Speckle-tracking echocardiography (STE) was developed and became
a widely available strain quantification technique. STE utilizes echocardiographic images
and tracks stable “speckles” from ultrasound interactions with the myocardium. The speck-
les’ two-dimensional (2D) intra-tissue velocities can then be used to compute 2D motion and
length change to provide previously unavailable information about LV deformation. Analysis
through STE allows to compute strains along the longitudinal (apex to base), radial (thick-
ness), and circumferential directions, providing enhanced quantitative markers to evaluate
LV function [7].
Despite the strides of STE, 2D motion still misses the combined stretching and rotat-
ing motion of the left ventricle [34]. Feature tracking cardiac magnetic resonance imaging
(FT-CMR) uses cardiac magnetic resonance (CMR) images to capture the three-dimensional
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(3D) motion of the LV. FT-CMR is similar to STE in that it tracks features (voxels) in the
cine image to calculate wall kinematics [5]. Although a more accurate image modality for
computing LV strains, FT-CMR has significantly inferior temporal resolution, the time be-
tween images of the same area [28], than STE [27], which can also provide higher spatial
resolution [1], voxel size in the imaging plane [24]. FT-CMR spatial resolution varies be-
tween 1-2mm in-plane and 6-10mm through-plane as opposed to 0.2-0.5mm overall in STE.
FT-CMR temporal resolution varies between 25-35 phases/heartbeat as opposed to 32-48
phases/heartbeat in STE [1].
To overcome FT-CMR’s and STE’s shortcomings, Displacement Encoding with Stimu-
lated Echoes (DENSE) MRI encodes the tissue displacements in the phase of the MRI signal,
i.e., voxel phase values are proportional to the voxel displacement. Moreover, DENSE has
proven to be a highly reproducible technique contrary to FT-CMR [32]. In a study by
Wehrner et al., when compared to DENSE, FT-CMR was further demonstrated to be inac-
curate at the base and apex for computing circumferential strain with a 4% and 2.4% bias,
and 17.8 and 14.8 coefficients of variation (CoV) respectively. Global longitudinal strains,
torsion, and dyssynchrony have also been shown to be significantly inaccurate with CoV of
21.3, 41.1, and 76.3 respectively [30]. By maintaining high resolution and accurate 3D char-
acterization, DENSE provides the advantages of FT-CMR and is a more accurate technique
for measuring cardiac strains [14].
DENSE MRI is mainly used to evaluate and quantify LV motion during ventricular
systole, in which the left ventricle contracts and pumps blood into the aorta [34, 30]. However,
in order to assess cardiac dysfunction, it is important to understand LV kinematics during
both ventricular systole and diastole.
While important, near no analyses have been carried out using DENSE in atrial systole,
when the atria contract and the ventricles fill. This phase of the cardiac cycle occurs during
diastole – when the ventricles relax – and is associated with many LV cardiovascular diseases
including ischemia, hypertrophy, angina pectoris, and heart failure with preserved ejection
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fraction (HFpEF) [22] [17]. Characterization of LV motion may yield significant data for
diagnoses of potential dysfunctions.
Despite the lack of direct studies, some data is available for comparison from 2D echocar-
diography measuring strain rates, the change in strain over time. In their STE study,
Mizuguchi et al. [18], estimate LV strain rates during atrial systole equal to 1.3s−1, -1.2s−1,
and 1.2s−1 for longitudinal (ĖLL), radial (ĖRR), and circumferential (ĖCC) strain rates, re-
spectively. Another similar study by Mizuguchi et al. [17] provided similar estimates for
longitudinal, radial, and circumferential strain rates at 1.1s−1, -1.4s−1, and 1.1s−1. The
study compared normal strain rates to concentric and eccentric LV hypertrophies, and in-
dicated that while longitudinal (ELL) and circumferential (ECC) strains were normal, radial
strain rates proved much greater at -1.8s−1 and -1.7s−1 suggesting a greater radial strain in
LV dysfunction [17] [19].
However, it remains difficult to translate strain rates in equivalent strain measures since
strain rates are not constant during atrial systole [2] and atrial systole duration may vary
among patients and healthy subjects. The study proposed in this Honors Undergraduate
Thesis is part of an effort to quantify these – so far elusive – values of ventricular strain
during atrial systole.
Analyses of LV strain must be viewed in the context of its anatomy and values may be
different depending on the region analyzed due to geometric effects, underlying microstruc-
ture, and potential differences in perfusion from the coronary arteries [31]. In order to study
regional differences, the American Heart Association (AHA) recommends that the LV is di-
vided into 17 regions that are based on the heart’s anatomy. Long axis cross-sectional images
are subdivided into six regions from three equidistant transverse planes plus an apical region.
The short axis images are subdivided into six regions at the base and mid ventricular level,
and four regions closer to the apex [21] (Figure 1.1).
There are several reasons for regional LV strain variation. In a study by Wierzbowska-
Drabik et al. [31], regional differences are suggested to be a result of the complex LV ge-
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Figure 1.1: Representation of LV AHA regions in different colors.
ometry and a “three-layer architecture”. The study suggests that contractile function of the
myocardium may be affected by dominance of the left anterior descending artery over the
right coronary artery during diastole [31].
Microstructure differences may also play a role in regional differences. Cardiomyocytes
are arranged in aggregate sheets called sheetlets that are oriented and contract obliquely
relative to the local tangent wall [8]. E1, the direction aligned with the orientation of aggre-
gate cardiomyocytes, changes significantly between the sub-epicardium and sub-endocardium
[3, 8]. Helix angle (HA), which measures the angle between E1 (projected on the local tan-
gent plane) and the circumferential plane, increases approximately from -60° to +60° [3, 8]
from epicardium to endocardium, but the change is not uniform across the LV or linear across
the wall. HA pitch, or magnitude of HA turn, has been shown to be significantly different
between the septum and the free wall, and between the posterior and anterior regions of the
LV [12].
Several other studies have also shown that the regional mechanics are significantly dif-
ferent throughout the LV [34].
Assessing the LV motion and deformation during atrial systole using DENSE may yield
important information about LV kinematics and show regional discrepancies that aren’t ap-
parent in EF and other global measures. The ability to measure ventricular strains during
6
atrial systole may provide useful biomarkers to characterize cardiac dysfunction in, for exam-
ple, myocardial infarction, hypertrophy, and heart failure with preserved ejection fraction.
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Chapter 2
Approach
I MRI study and image analysis
This study is based on preclinical data already acquired in healthy swine subjects at the
University of California, Los Angeles. Experimental procedures followed the University of
California Los Angeles Animal Care and Use Committee research protocol (protocol number:
2015–124). Four (N=4) healthy subjects are considered in this study. All subjects were
imaged in a 3T (Prisma) scanner.
Long axis images were taken 30° apart in the circumferential direction while short axis
images were acquired 8mm apart and perpendicular to the long axis images. MRI images
from the swine subjects will be analyzed using the MATLAB DENSE analysis tool [23, 11].
The region of interest (ROI), or LV region, will be segmented in both the long and short axis
images using a long or short axis segmentation tool with adjustable spline nodal points. First,
points are manually selected on each images and interpolated using a spline. Subsequently,
a motion guided algorithm segments the images at each acquired cardiac phase during atrial
systole. Figures 2.1 and 2.2 illustrate the DENSE segmentation tool [23].
After iterative and manual adjustment of the motion guided segmentation algorithm,
myocardial voxels can be tracked individually and their displacements in 3D is computed
through time. Longitudinal ELL, circumferential ECC, and radial ERR strains are then com-
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Figure 2.1: DENSE segmentation tool with LV long axis ROI: magnitude images (top) and phase images
encoding voxel displacements (bottom) in the in-plane (xy) and out of plane (z) directions.
Figure 2.2: DENSE segmentation tool with LV short axis ROI: magnitude images (top) and phase images
encoding voxel displacements (bottom) in the in-plane (xy) and out of plane (z) directions.
puted by computing the spatial derivative of the interpolated displacement values. Strain
measures are finally subdivided transmurally across the LV wall (epicardium, midwall, and
endocardium) and by AHA region.
The DENSE tool automatically subdivided strain data across AHA regions, but global
orientation of the AHA regions with respect to the ventricular anatomy needs to be set
manually. (See figure 2.3). In order to map the AHA regions obtained in the DENSE
tool [10] to the LV, both the long and short axes must be reoriented. The first anterior AHA
region in the short axis is located immediately to the right of the intersection of the RV
free-wall and the LV [21](see Figure 2.3). Due to DENSE not accounting for this placement,
short axis ROIs must be manually rotated to line up the regions correctly. Long axis ROIs
are first mapped in relation to short axis slices in Horos and 3DSlicer software. AHA regions
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can then be mapped in the long axis according to their orientation relative to the short axis.
Strain will be computed individually for both the long and short axes in order to compare
radial strain differences between orientations.
Figure 2.3: AHA subdivision: orientation (left) and its superimposition to magnitude image (right). Regions
were oriented manually.
Figure 2.4: Orientation of the long axis (right) relative to the short axis (left) as shown by the line in the
Horos software.
II Statistical Analysis
Segmentations are evaluated for intra and inter observer variability. Accuracy between repe-
titions by the same observer (intra-observer variability) and between two different observers
(inter-observer variability) is calculated using a Dice similarity coefficient (DICE). The Dice
similarity coefficient estimate the similarity between two given sets of voxels or ROIs, X and
Y as:
10
2 |X
⋂
Y |
|X|+ |Y |
(2.1)
The maximum value for the Dice similarity coefficient is one, corresponding to two exactly
superimposing segmentations X and Y , and repetitions with DICE coefficients for intra-
observer variability of 0.9 and 0.85 for inter-observer variability are considered very good [35].
Data from the segmentations in both the short and long axes are combined and divided
by strain type (ELL, ECC, and ERR), wall depth, and organized into respective AHA regions.
Strain values are compared at peak atrial systole, which corresponds to the cardiac phase
with greatest ventricular filling.
A Kruskal-Wallis Hypothesis test will be used to measure whether differences in LV AHA
regional strains are significant at peak atrial systole [15]. A Kruskal-Wallis test is similar to
a T-Test and an Analysis of Variance test (ANOVA) and measures if there is a significant
difference between medians of two or more data sets. Like a T-test that measures the
significance between two data sets’ means, ANOVA and Kruskal-Wallis tests can compare
2 or more data sets (Kruskal-Wallis uses median) and reports if one of the sets’ medians
is significantly different. The Kruskal-Wallis test, unlike the T and ANOVA tests, is non-
parametric and does not assume that the data has a normal distribution. This is preferred
as a normal distribution likely does not apply in this case, and initial analyses did not yield
a “bell-shape”.
The Kruskal-Wallis H test uses the ranks of the data points instead of the actual values
[15]. It will be used in conjunction with a Mann-Whitney U test that is similar to the Kruskal
test in that it compares medians and is non-parametric, howevever, the Mann-Whitney U test
can only compare two data sets. The Mann-Whitney U test is used only for the comparison
of 2 data sets and will be used only for the comparison of the wall and septum.
Both tests will be used to determine if there are significant strain differences among
different AHA regions, different subjects, and different repetitions.
Subject ventricular strains will also be visualized using a scatter plot and histograms.
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Strains will be reported as a function of longitudinal position (basal, mid, apex) and ven-
tricular regions (anterior vs inferior, and wall vs septum).
12
Chapter 3
Results and Discussion
I Results
I.1 Left ventricular strain values during atrial systole
Segmentations for different subjects were analyzed and the data was compiled and graphed.
Strains are grouped by subject, region, and direction with the goal to find common trends
to describe ventricular strains during atrial systole.
(a) Longitudinal strain from long axis DENSE images. (b) Radial strain from long axis DENSE images.
Figure 3.1: Strain computed from the long-axis segmentations across subjects. Each point represents an
AHA region and is colored according to Free-wall or Septum designations.
As shown in Figure 3.1, the spread (i.e., standard deviation and range) for radial Err and
longitudinal Ell strains was remarkably different, with the longitudinal strain values showing
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(a) Circumferential strains from short axis DENSE images.
(b) Radial strains from short axis DENSE images.
Figure 3.2: Strains computed from the short-axis segmentations across subjects. Each point represents an
AHA region and is colored according to Free-wall or Septum designations.
a distinct difference between septum and free-wall (Figure 3.1a). Longitudinal strain values
Ell are lower in the septal regions compared to the free wall. In contrast, both radial (Err)
and circumferential (Ecc) strains did not present clearly different patterns in the septal versus
free wall regions (Figure 3.1b and 3.2).
Overall, wall and septum strain values are reported in Tables 3.1 and 3.2. We notice
that: 1) longitudinal and radial strain values and standard deviation are overall lower in the
septum than in the free wall while circumferential strains are similar across the ventricle;
2) strain values are overall lower (in absolute value) in the septum compared to the free
wall; 3) radial strain values computed from long and short axis DENSE MR images are
very similar; and 4) radial strains standard deviation is often comparable to the mean strain
values reflecting the higher uncertainty in estimating this strain measure.
Table 3.1: Mean and standard deviation free wall strain values.
S1 S2 S3 S4 Total
Err (la) -0.03 ± 0.02 -0.04 ± 0.03 -0.05 ± 0.03 -0.05 ± 0.02 -0.05 ± 0.03
Ell 0.04 ± 0.02 0.05 ± 0.04 0.08 ± 0.05 0.07 ± 0.03 0.06 ± 0.04
Err (sa) -0.04 ± 0.02 -0.04 ± 0.03 -0.05 ± 0.04 -0.03 ± 0.05 -0.04 ± 0.04
Ecc 0.03 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.03 ± 0.01
Ventricular strain values during atrial systole may be subdivided based on the regions
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Table 3.2: Mean and standard deviation septal strain values.
S1 S2 S3 S4 Total
Err (la) -0.02 ± 0.01 -0.03 ± 0.03 -0.02 ± 0.02 -0.01 ± 0.01 -0.02 ± 0.02
Ell 0.01 ± 0.00 0.03 ± 0.02 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.01
Err (sa) -0.02 ± 0.02 -0.03 ± 0.01 -0.04 ± 0.02 -0.02 ± 0.02 -0.02 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.01 0.04 ± 0.02 0.03 ± 0.01 0.03 ± 0.01
along the ventricle long axis, instead of the septum/free wall subdivision used above. As
the pressure wave due to atrial systole travels from the mitral valve towards the apex, the
strain values could vary along the longitudinal axis based in the time the pressure wave
passes through each region. Overall longitudinal strain values Ell concentrated between 1%
and 6% in the mid ventricular and apical regions, while significantly higher variability is
reported in the basal region (Figure 3.3a). The analysis of circumferential strain values
Ecc surprisingly led to different trends in different subjects. In subjects 1 and 2, basal
circumferential strains were significantly lower in absolute value than than in mid-ventricular
and apical regions, while in subjects S3 and S4, this trend was reversed (Figure 3.4a). In
contrast with the previous subdivision in free wall and septal values, no clear trend emerged
along the longitudinal axis. Radial strains Err computed using the short axis DENSE images
(Figure 3.3b) presented a similar trend as the circumferential strains Ecc. However, Err
computed from the long axis DENSE images (Figure 3.3b) presented a wide spread without
showing any clear pattern or clustering in the basal, mid-ventricular, and apical regions.
Tables 3.3, 3.4, and 3.5 summarize the mean ± standard deviation the data presented in
Figures 3.3 and 3.4. As previously, Ell mean value in the mid-ventricular and apical regions
is approximately between 4% and 5%, while values in the basal region were more widely
spread, with standard deviation values roughly doubled with respect to the apical and mid
regions. As previously discussed, no clear path emerges for radial and circumferential strains
across all subjects and regions along the longitudinal axis.
Finally, LV strain values may be categorized based on Anterior, Septal, Inferior, and
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(a) Longitudinal strain from long axis DENSE images. (b) Radial strain from long axis DENSE images.
Figure 3.3: Strain computed from long-axis DENSE images and reported per analyzed subject. Each point
represents an AHA region and is colored according to Base, Mid, or Apex designations.
Table 3.3: Mean and standard deviation strain values in the basal region.
S1 S2 S3 S4 Total
Err (la) -0.02 ± 0.01 -0.03 ± 0.04 -0.06 ± 0.03 -0.04 ± 0.03 -0.04 ± 0.03
Ell 0.03 ± 0.02 0.05 ± 0.04 0.09 ± 0.06 0.07 ± 0.04 0.06 ± 0.05
Err (sa) -0.01 ± 0.03 -0.04 ± 0.02 -0.07 ± 0.04 -0.06 ± 0.03 -0.05 ± 0.04
Ecc 0.02 ± 0.01 0.03 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.03 ± 0.01
Lateral regions, where the lateral region included only AHA region 16 (Figures 3.5 and 3.6).
The spread of Ell strain values is low in the septal and inferior regions, while larger
strain variations are observed in the anterior and inferior AHA regions. Consistent with the
prior free-wall versus septum subdivision, Ell values were smaller in the septal segments and
maximum in the anterior and inferior regions (max value 9%), with strain values larger in
the anterior segment with respect to the other regions. Circumferential Ecc and radial Err
strain values did not lead to clearly distinct values in the septal, anterior, inferior, and lateral
regions.
Overall, as previously shown (See Figures 3.1 and Tables 3.1 and 3.2), strain values are
lower in the septal region with respect to the anterior, inferior segments. Strain mean and
standard deviation are reported in Tables 3.6, 3.7, and 3.8 for the septum, anterior, and
inferior regions. Table 3.6 is identical to Table 3.2 as they both represent the septum and is
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(a) Circumferential strain from short axis DENSE images.
(b) Radial strain from short axis DENSE images.
Figure 3.4: Strain computed for the short-axis DENSE images and reported per analyzed subject. Each
point represents an AHA region and is colored according to Base, Mid, or Apex designations
Table 3.4: Mean and standard deviation strain values in the mid-ventricular region.
S1 S2 S3 S4 Total
Err (la) -0.04 ± 0.02 -0.05 ± 0.03 -0.04 ± 0.02 -0.04 ± 0.03 -0.04 ± 0.02
Ell 0.04 ± 0.03 0.05 ± 0.05 0.05 ± 0.02 0.04 ± 0.02 0.05 ± 0.03
Err (sa) -0.05 ± 0.02 -0.02 ± 0.04 -0.04 ± 0.01 -0.01 ± 0.02 -0.03 ± 0.02
Ecc 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01
shown for completeness.
As shown in Tables 3.6 to 3.8, longitudinal strains were consistently high at about 8%
and 6% for both the anterior and inferior segments, with the exception of one subject for
each region. The difference between overall anterior and inferior longitudinal strains was
significant (2%), however, the standard deviation for both regions was larger than their
difference. Circumferential strain was largely consistent among the septum, anterior, and
inferior segments. All 3 regions had an overall strain of 3% with a standard deviation
of 1%. Like wall vs septum and base vs mid vs apex, circumferential strain was highly
consistent with standard deviations not exceeding 1%. Radial strain values were inconsistent,
especially if measured from the long axis for both anterior and inferior segments. The spread
was relatively high with standard deviations averaging between 2% and 3%. The standard
deviation was even larger than the actual strain value for Subject 2 in the inferior segments.
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Table 3.5: Mean and standard deviation strain values in the apical region.
S1 S2 S3 S4 Total
Err (la) -0.02 ± 0.01 -0.04 ± 0.03 -0.03 ± 0.04 -0.03 ± 0.02 -0.03 ± 0.02
Ell 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02
Err (sa) -0.03 ± 0.01 -0.05 ± 0.03 -0.02 ± 0.02 0.01 ± 0.03 -0.02 ± 0.03
Ecc 0.05 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01
(a) Longitudinal strain values from long axis DENSE images. (b) Radial strain values from long axis DENSE images.
Figure 3.5: Strain values computed from long-axis DENSE images and reported across subjects. Each point
represents an AHA region and is colored according to anterior, septal, inferior and lateral regions.
I.2 Intra- and inter-observer segmentation variability
Tables 3.9-3.11 report regional strain values averaged across all subjects and computed using
two subsequent segmentations (R1 and R2) from the same observer. Segmentations R1 and
R2 are performed on different days to limit bias. Furthermore, subdivisions in AHA regions
are performed independently for segmentations R1 and R2.
Across repetitions, average strain values in the free wall and the septum were largely
consistent and differences in mean and standard deviation did not exceed 1% across repeti-
tions (Table 3.9). Strain values in the basal, mid-ventricular, and apical regions were also
largely consistent across repetitions (Table 3.10). Likewise, regional anterior, inferior, and
septal strains were also consistent when evaluated from two subsequent segmentations. As
in Table 3.9, Tables 3.10 and 3.11, show strain means and standard deviations within 1%
when evaluated using repetition R1 and R2.
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(a) Circumferential strain values from short axis DENSE images.
(b) Radial strain values from short axis DENSE images.
Figure 3.6: Strain values computed from short-axis DENSE images and reported across subjects. Each point
represents an AHA region and is colored according to anterior, septal, inferior and lateral regions.
Table 3.6: Mean and standard deviation strain values in the septal region.
S1 S2 S3 S4 Total
Err (la) -0.02 ± 0.01 -0.03 ± 0.03 -0.02 ± 0.02 -0.01 ± 0.01 -0.02 ± 0.02
Ell 0.01 ± 0.00 0.03 ± 0.02 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.01
Err (sa) -0.02 ± 0.02 -0.03 ± 0.01 -0.04 ± 0.02 -0.02 ± 0.02 -0.02 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.01 0.04 ± 0.02 0.03 ± 0.01 0.03 ± 0.01
Tables 3.12 3.14 report regional strain values averaged across all subjects and computed
using the segmentations performed by two different observers (Observer 1 and Observer 2).
Subdivisions in AHA regions were performed independently for the segmentations computed
by observers 1 and 2. Across all subdivsions, strain values (mean and standard deviation)
were nearly identical and at most within ±1% when computed from two different observers.
Tables 3.15-3.18 report the summary statistics for the Dice similarity coefficient between
segmentations obtained by two observers for the short axis and long axis DENSE images.
“Intra” denotes the Dice similarity coefficient between the first repetitions from Observer 1,
“R1 vs R1” denotes the Dice similarity coefficient between the first segmentation for observers
1 and 2; R1 vs R2 denotes the Dice similarity coefficient between the second segmentation
from Observer 1 and the first segmentation from Observer 2. A complete table with all Dice
similarity coefficients for every slice is reported in the appendix.
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Table 3.7: Mean and standard deviation strain values in the anterior region.
S1 S2 S3 S4 Total
Err (la) -0.03 ± 0.01 -0.06 ± 0.03 -0.05 ± 0.04 -0.06 ± 0.02 -0.05 ± 0.03
Ell 0.03 ± 0.01 0.09 ± 0.02 0.09 ± 0.06 0.08 ± 0.03 0.07 ± 0.04
Err (sa) -0.05 ± 0.02 -0.06 ± 0.02 -0.05 ± 0.01 -0.03 ± 0.02 -0.05 ± 0.02
Ecc 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01
Table 3.8: Mean and standard deviation strain values in the inferior region.
S1 S2 S3 S4 Total
Err (la) -0.04 ± 0.02 -0.03 ± 0.04 -0.05 ± 0.02 -0.05 ± 0.01 -0.04 ± 0.02
Ell 0.06 ± 0.03 0.02 ± 0.02 0.06 ± 0.03 0.06 ± 0.01 0.05 ± 0.03
Err (sa) -0.02 ± 0.03 -0.02 ± 0.03 -0.06 ± 0.05 -0.04 ± 0.06 -0.03 ± 0.04
Ecc 0.03 ± 0.02 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
Most of the mean and and median Dice coefficients for intra-observer variability exceeded
the goal of 0.9; Subject S1 was the only exception in both the short and long axes. More than
half of all Dice coefficients for all subjects had mean and median above the original goal of
0.85 for inter-observer variability. Standard deviation and IQR were generally low, confirming
that the segmentations were consistent across slices, although there are exceptions. Most
standard deviations and IQR remained below 0.05, notable exceptions included subject S3
R1 vs R1 with an IQR of 0.16 and subject S4 R1 vs R2 with an IQR of 0.17.
I.3 Strain values across regions: a statistical comparison
Tables 3.19 and 3.20 report the p values obtained when comparing strains in the free wall and
the septum. Table 3.19 compares the strain values between wall and septum in every subject
while Table 3.20 compares strain values between different subjects to evaluate inter-subject
variability.
Longitudinal strain is different in the wall and septum for all subjects, except for subject
S2. However, Ell was also different across subjects. Radial and circumferential strains were
not significantly different between free wall and septum or across subjects, mainly due to
their larger spread. The only exceptions were Err in subject S4 when computed from the
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Table 3.9: Intra-Observer free wall and septum strain values (mean ± standard deviation). R1 and R2
denote two subsequent segmentations from the same observer
Wall Septum
R1 R2 R1 R2
Err (la) -0.05 ± 0.03 -0.04 ± 0.03 -0.02 ± 0.02 -0.02 ± 0.02
Ell 0.06 ± 0.04 0.06 ± 0.04 0.02 ± 0.01 0.03 ± 0.02
Err (sa) -0.04 ± 0.04 -0.04 ± 0.03 -0.02 ± 0.02 -0.03 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01
Table 3.10: Intra-Observer basal, mid-ventricular, and apical strain values (mean ± standard deviation). R1
and R2 denote two subsequent segmentations from the same observer
Base Mid Apex
R1 R2 R1 R2 R1 R2
Err (la) -0.04 ± 0.03 -0.04 ± 0.03 -0.04 ± 0.02 -0.04 ± 0.02 -0.03 ± 0.02 -0.03 ± 0.02
Ell 0.06 ± 0.05 0.06 ± 0.05 0.05 ± 0.03 0.04 ± 0.03 0.04 ± 0.02 0.04 ± 0.02
Err (sa) -0.05 ± 0.04 -0.05 ± 0.04 -0.03 ± 0.02 -0.03 ± 0.03 -0.02 ± 0.03 -0.03 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.02
long axis images and Ecc in the free wall when compared across subjects.
Tables 3.21 and 3.22 report the p values obtained when comparing strains in the basal,
mid-ventricular and apical regions. The Kruskal-Wallis test was performed for both the
inter-regional and inter-subject variations since both had more than 2 data sets.
Err computed from short axis slices in subjects S3 and S4 had p-values below 0.05 between
regions (Table 3.21) but were also statistically different between each other (Table 3.22). The
same could be said for Ecc in subjects S1, S2, and S4, which showed statistically significant
differences between regions as well as inter-subjects.
Tables 3.23 and 3.24 report the p values obtained when comparing strains in the an-
terior, inferior, and septal regions using the Kruskal-Wallis H test. Interestingly, despite
expectations of a significant difference between regions based on Figures 3.5 and 3.6, the
anterior, inferior, and septal regions were not statistically different from each other in any
of the subjects.
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Table 3.11: Intra-Observer anterior, inferior, and septal strain values (mean ± standard deviation). R1 and
R2 denote two subsequent segmentations from the same observer
Anterior Inferior Septum
R1 R2 R1 R2 R1 R2
Err (la) -0.05 ± 0.03 -0.05 ± 0.03 -0.04 ± 0.02 -0.04 ± 0.03 -0.02 ± 0.02 -0.02 ± 0.02
Ell 0.07 ± 0.04 0.08 ± 0.05 0.05 ± 0.03 0.05 ± 0.03 0.02 ± 0.01 0.03 ± 0.02
Err (sa) -0.05 ± 0.02 -0.05 ± 0.02 -0.03 ± 0.04 -0.03 ± 0.04 -0.02 ± 0.02 -0.03 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01
Table 3.12: Inter-Observer free wall and septal strain values (mean ± standard deviation). Observer 1 and
Observer 2 denote the results obtained by two observers from one segmentation each.
Wall Septum
Observer 1 Observer 2 Observer 1 Observer 2
Err (la) -0.05 ± 0.03 -0.04 ± 0.03 -0.02 ± 0.02 -0.02 ± 0.02
Ell 0.06 ± 0.04 0.06 ± 0.04 0.02 ± 0.01 0.02 ± 0.02
Err (sa) -0.04 ± 0.04 -0.04 ± 0.03 -0.02 ± 0.02 -0.02 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
II Discussion
II.1 Data discussion
The main goal of this project was to investigate the range and distribution of LV strains
during atrial systole in healthy swine subjects. In doing so, we aimed at identifying regions
where LV strains at peak atrial systole were statistically different across cardiac regions, that
is: between the free-wall and the septum; between basal, mid-ventricular, and apical regions;
and between anterior and inferior regions. Longitudinal strains Ell in the septum were
significantly smaller and with lower standard deviation than in the free-wall (see Figures 3.1
and Tables 3.1, 3.2-3.19). However, inter-subject variability in the septum (Table 3.2) was
also significant, hindering the ability to assign a single standard strain value for Ell in the
septum.
Septal radial strain show a similar trend, i.e., Err is lower in the septum than in the free
wall. However, statistical analysis revealed that the difference between the medians of wall
and septum Err is not significant, except in Subject 4. However, the intersubject variability
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Table 3.13: Inter-Observer basal, mid-ventricular, and apical strain values (mean ± standard deviation).
Observer 1 and Observer 2 denote the results obtained by two observers from one segmentation each.
Base Mid Apex
Observer 1 Observer 2 Observer 1 Observer 2 Observer 1 Observer 2
Err (la) -0.04 ± 0.03 -0.04 ± 0.03 -0.04 ± 0.02 -0.04 ± 0.03 -0.03 ± 0.02 -0.03 ± 0.03
Ell 0.06 ± 0.05 0.06 ± 0.05 0.05 ± 0.03 0.05 ± 0.03 0.04 ± 0.02 0.04 ± 0.02
Err (sa) -0.05 ± 0.04 -0.05 ± 0.03 -0.03 ± 0.02 -0.03 ± 0.03 -0.02 ± 0.03 -0.03 ± 0.03
Ecc 0.03 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
Table 3.14: Inter-Observer anterior, inferior, and septal strain values (mean ± standard deviation). Observer
1 and Observer 2 denote the results obtained by two observers from one segmentation each.
Anterior Inferior Septum
Observer 1 Observer 2 Observer 1 Observer 2 Observer 1 Observer 2
Err (la) -0.05 ± 0.03 -0.05 ± 0.04 -0.04 ± 0.02 -0.04 ± 0.03 -0.02 ± 0.02 -0.02 ± 0.02
Ell 0.07 ± 0.04 0.07 ± 0.05 0.05 ± 0.03 0.05 ± 0.03 0.02 ± 0.01 0.02 ± 0.02
Err (sa) -0.05 ± 0.02 -0.05 ± 0.02 -0.03 ± 0.04 -0.04 ± 0.04 -0.02 ± 0.02 -0.02 ± 0.02
Ecc 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.02 0.03 ± 0.01 0.03 ± 0.01
in the wall hindered the ability to see a clear trend for ventricular strains in the septum and
free wall.
Longitudinal subdivision did not yield more distinct trends, except for circumferential
strains Ecc, which could be due to the pressure wave generated by atrial systole traveling
from the mitral valve toward the apex.
No significant differences were found for strains across the anterior, inferior, and septal
segments.
From these analyses we infer that subdividing strain values in the septum/free wall
categories highlight differences in longitudinal strains while the apex to base subdivision
highlight differences in circumferential strains.
Although several sources of experimental noise may have a large effect on the reported
strain values, given also the small magnitude of ventricular strains during atrial systole, intra
and inter-observer variability appear to not affect average strain values as far as the Dice
similarity coefficients across segmentations is above 0.85.
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Table 3.15: Dice similarity coefficient for subject S1
Short Axis Long Axis
Intra R1 vs R1 R1 vs R2 Intra R1 vs R1 R1 vs R2
Mean 0.890 0.830 0.840 0.891 0.860 0.857
Median 0.892 0.890 0.905 0.886 0.870 0.870
IQR 0.049 0.032 0.042 0.034 0.027 0.014
SD 0.047 0.157 0.169 0.026 0.032 0.045
Table 3.16: Dice similarity coefficient for subject S2
Short Axis Long Axis
Intra R1 vs R1 R1 vs R2 Intra R1 vs R1 R1 vs R2
Mean 0.911 0.852 0.859 0.903 0.839 0.820
Median 0.913 0.860 0.887 0.908 0.839 0.817
IQR 0.026 0.053 0.070 0.029 0.051 0.065
SD 0.015 0.045 0.056 0.017 0.031 0.039
II.2 Variability and Noise
The lack of consistent strain values across all subjects and in different regions may be due
to two concurrent factors: 1) ventricular strain during atrial systole are significantly smaller
than ventricular strains during ventricular systole and the effect of experimental and post-
processing noise more severely affect the strain values; 2) changes in the duration of the
cardiac cycle affect atrial systole and with that ventricular strains during atrial systole. Fur-
thermore, the ventricular strains during atrial systole do not occur at the same time as during
ventricular systole when a (almost) simultaneous wave of activation travels through the ven-
tricle and initiates contraction. During atrial systole the left ventricle deforms passively due
to the pressure wave generated during atrial contraction and traveling from the mitral valve
toward the apex. As such, the left ventricle will not experience peak atrial systole at the
same time and there will be a consequent (physiological) regional variation in strain values.
In order to account for strain variability during post-processing, we have considered
both intra- and inter-observer variability in segmentation and strain calculations. Regional
segmentation may be different due to an observer specific decision to include/exclude voxels
when extracting the region of interest (ROI) from a specific image. As image intensity
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Table 3.17: Dice similarity coefficient for subject S3
Short Axis Long Axis
Intra R1 vs R1 R1 vs R2 Intra R1 vs R1 R1 vs R2
Mean 0.913 0.875 0.856 0.908 0.867 0.858
Median 0.930 0.873 0.862 0.904 0.861 0.849
IQR 0.048 0.016 0.030 0.021 0.029 0.047
SD 0.039 0.024 0.050 0.027 0.020 0.032
Table 3.18: Dice similarity coefficient for subject S4
Short Axis Long Axis
Intra R1 vs R1 R1 vs R2 Intra R1 vs R1 R1 vs R2
Mean 0.971 0.849 0.814 0.966 0.882 0.881
Median 0.972 0.882 0.822 0.962 0.875 0.865
IQR 0.019 0.079 0.174 0.020 0.037 0.035
SD 0.013 0.085 0.092 0.014 0.031 0.032
varies and the myocardial contour does not correspond exactly with the border of a voxel,
bias may be introduced by an observer decision to include/exclude a voxel partially filled
with myocardium. Image intensity blurring may be due to a series of experimental factors,
including averaging over multiple heart beats (each DENSE image requires about 5 minutes
acquisition time) in which heart rate may change and heart position may slightly shift.
Furthermore, low blood flow in the LV may lead to poor contrast between the blood pool
and the myocardium, especially toward the apex.
General observer bias also factored into the different segmentations. Different observers
tended toward choosing a consistently thinner/thicker wall or excluding larger regions close
to the papillary muscles. Although all observers’ decisions were justified from an image
processing standpoint, this uncertainty further contributed to variability in the results. Of
particular concerns were regions close to the apex, especially in the short axis slices, where
the wall thickness was hard to define and often blurred. Inclusion/exclusion of the most
basal regions of the LV in the long-axis images could also vary across observers as it was not
always clear where the wall ended and the valve structure began.
A additional source of uncertainty regards the mapping of the short axis and long axis
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Table 3.19: Mann-Whitney U Test comparing strain values in the free wall versus septum. p values less than
0.05 are considered significant.
Err (la) Ell Err (sa) Ecc
S1 0.145 0.000 0.115 0.510
S2 0.441 0.377 0.115 0.510
S3 0.069 0.038 0.661 1.000
S4 0.002 0.000 0.827 0.913
Table 3.20: Kruskal-Wallis H Test for testing intersubject variability of free wall versus septum strain values.
p values less than 0.05 are considered significant.
Err (la) Ell Err (sa) Ecc
Wall 0.130 0.089 0.604 0.045
Septum 0.309 0.007 0.289 0.774
regions to the 17 AHA segments. Strains are computed along discrete long axis and short
axis planes that not necessarily sit at the center of a given AHA region. As such, strains in
one AHA region may be biased by values near its border instead of its center. Furthermore,
the DENSE tool only reported strain data based on AHA region per phase per wall depth
and not per voxel. As a result, average wall depth strains per AHA region were reported
instead of independent voxel values.
A final limitation that should be addressed in future studies is the choice of the reference
configuration to compute ventricular strains during atrial systole. The motion of the mitral
valve can be observed to determine the beginning of atrial systole, but this time point in
the cardiac cycle is not as well defined and/or observable as the QRS wave in the ECG that
corresponds to the beginning of ventricular systole.
III Conclusion
This work is among the few analyzing ventricular strains during atrial systole. Being able to
accurately quantify and characterize strain during the passive response of the myocardium
is highly valuable as several cardiac diseases including Heart Failure with preserved Ejection
Fraction, involve diastolic dysfunction and impaired passive myocardium response.
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Table 3.21: Kruskal-Wallis H Test for comparing strain values in the basal, mid-ventricular, and apical
regions. p values less than 0.05 are considered significant.
Err (la) Ell Err (sa) Ecc
S1 0.511 0.818 0.068 0.007
S2 0.607 0.971 0.520 0.023
S3 0.365 0.128 0.027 0.075
S4 0.666 0.337 0.008 0.017
Table 3.22: Kruskal-Wallis H Test for testing intersubject variability of basal, mid-ventricular, and apical
strain values. p values less than 0.05 are considered significant.
Err (la) Ell Err (sa) Ecc
Base 0.299 0.068 0.041 0.009
Mid 0.829 0.649 0.048 0.020
Apex 0.927 0.936 0.042 0.010
The preliminary results collected herein show a clear difference in longitudinal strain Ell
in the septum versus free wall, although inter-subject variability is still significant. Circum-
ferential strain Ecc along the longitudinal axis (basal, mid-ventricular, and apical regions)
also show statistical differences.
It was not possible to find other trends in the data analyzed so far. A higher number of
subjects should be included and an improved strain analysis should be performed as well,
including voxel wise calculations and data denoising. After improving the calculation of
ventricular strains during atrial systole in healthy subjects, strain values should be compared
with the ones in subjects with a cardiomyopathy.
Despite variable DICE Coefficients, strain variability was low, meaning that human error
is less of a factor than the DENSE tool analysis itself. As a result, use of DENSE in a clinical
setting in the future may prove formidable without profound concern for bias between medical
professionals.
Comparing healthy subjects, such as the ones in this study, to diseased ones would
further suggest whether ventricular strains during atrial systole are a promising biomarker
for diagnoses.
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Table 3.23: Kruskal-Wallis H Test comparing strain values in the anterior, inferior, and septal regions. p
values less than 0.05 are considered significant.
Err (la) Ell Err (sa) Ecc
S1 0.208 0.677 0.061 0.101
S2 0.852 0.970 0.878 0.174
S3 0.134 0.310 0.265 0.403
S4 0.454 0.779 0.147 0.147
Table 3.24: Kruskal-Wallis H Test for testing intersubject variability of anterior, inferior, and septum strain
values. p values less than 0.05 are considered significant.
Err (la) Ell Err (sa) Ecc
Anterior 0.094 0.016 0.159 0.076
Inferior 0.393 0.049 0.760 0.550
Septum 0.309 0.007 0.289 0.774
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Appendix
Tables 3.15-3.18 report the Dice similarity coefficients between observers in selected cases.
The full set of Dice similarity coefficients is reported below in Tables 3.25-3.28. A different
number of slices are present in each subject. The repetition performed by the first observer
is reported first, followed by the repetition performed by the second observer (e.g., R2/R1
indicates the Dice coefficient between repetition 2 from observer 1 and repetition 1 from
observer 2)
Table 3.25: Dice similarity coefficient for subject S1
Ob1 Intra Ob2 Intra R1/R1 R1/R2 R2/R1 R2/R2
SA3 0.88 1.00 0.86 0.86 0.89 0.89
SA4 0.91 0.99 0.92 0.92 0.93 0.93
SA5 0.94 0.98 0.90 0.90 0.92 0.91
SA6 0.94 0.99 0.89 0.89 0.92 0.91
SA7 0.89 0.99 0.89 0.88 0.90 0.89
SA8 0.87 0.98 0.86 0.86 0.86 0.85
SA9 0.80 0.99 0.47 0.48 0.46 0.46
LA1 0.86 0.95 0.88 0.88 0.87 0.87
LA2 0.93 0.99 0.86 0.86 0.90 0.90
LA3 0.87 0.98 0.85 0.84 0.86 0.85
LA4 0.89 0.96 0.88 0.87 0.87 0.87
LA5 0.88 0.97 0.80 0.79 0.77 0.76
LA6 0.92 0.99 0.88 0.89 0.88 0.88
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Table 3.26: Dice similarity coefficient for subject S2
Ob1 Intra Ob2 Intra R1/R1 R1/R2 R2/R1 R2/R2
SA3 0.89 0.97 0.80 0.80 0.75 0.74
SA4 0.90 0.92 0.84 0.81 0.81 0.75
SA5 0.93 0.91 0.88 0.89 0.89 0.88
SA6 0.92 0.98 0.89 0.90 0.92 0.93
SA7 0.91 0.91 0.84 0.77 0.89 0.84
SA8 0.92 0.98 0.90 0.89 0.90 0.89
SA9 0.92 0.95 0.88 0.87 0.88 0.88
LA1 0.88 0.95 0.87 0.87 0.79 0.79
LA2 0.91 0.94 0.87 0.85 0.81 0.79
LA3 0.89 0.97 0.82 0.83 0.86 0.88
LA4 0.91 0.96 0.80 0.79 0.77 0.77
LA5 0.92 0.98 0.84 0.84 0.86 0.86
Table 3.27: Dice similarity coefficient for subject S3
Ob1 Intra Ob2 Intra R1/R1 R1/R2 R2/R1 R2/R2
SA4 0.88 0.97 0.84 0.86 0.84 0.87
SA5 0.95 0.92 0.87 0.88 0.88 0.88
SA6 0.94 0.98 0.91 0.92 0.92 0.94
SA7 0.94 0.97 0.88 0.88 0.86 0.86
SA8 0.93 0.97 0.86 0.87 0.86 0.86
SA9 0.85 0.97 0.88 0.88 0.77 0.78
LA1 0.93 0.89 0.89 0.90 0.89 0.90
LA2 0.90 0.91 0.85 0.85 0.84 0.84
LA3 0.86 0.97 0.86 0.84 0.83 0.83
LA4 0.90 0.96 0.85 0.84 0.82 0.82
LA5 0.90 0.91 0.89 0.88 0.90 0.89
LA6 0.94 0.94 0.87 0.88 0.85 0.87
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Table 3.28: Dice similarity coefficient for subject S4
Ob1 Intra Ob2 Intra R1/R1 R1/R2 R2/R1 R2/R2
SA4 0.95 0.90 0.87 0.88 0.89 0.88
SA5 0.98 0.94 0.90 0.93 0.91 0.94
SA6 0.98 0.92 0.94 0.77 0.72 0.76
SA7 0.99 0.93 0.85 0.77 0.76 0.77
SA8 0.95 0.91 0.73 0.74 0.72 0.75
SA9 0.99 0.93 0.71 0.69 0.71 0.69
SA10 0.97 0.93 0.89 0.86 0.90 0.88
SA11 0.97 0.90 0.90 0.89 0.91 0.87
LA1 0.98 0.91 0.93 0.88 0.94 0.88
LA2 0.96 0.93 0.85 0.80 0.86 0.81
LA3 0.95 0.90 0.88 0.80 0.86 0.82
LA4 0.95 0.89 0.87 0.87 0.86 0.87
LA5 0.96 0.88 0.90 0.91 0.90 0.91
LA6 0.99 0.87 0.86 0.81 0.87 0.82
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